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Abstract
It is shown that in a Holstein molecular chain placed in a strong longitudinal electric field some new types of excitations can arise.
This excitations can transfer a charge over large distance (more than 1000 nucleotide pairs) along the chain retaining approximately
their shapes. Excitations are formed only when a strong electric field either exists or quickly arises under especially preassigned
conditions. These excitations transfer a charge even in the case when Holstein polarons are practically immobile. The results
obtained are applied to synthetic homogeneous PolyG/PolyC DNA duplexes. They can be also provide the basis for explanation of
famous H.W.Fink and C.Scho¨nenberger experiment on long-range charge transfer in DNA.
1. Introduction
A central problem of nanobioelectronics [1, 2, 3] is construc-
tion of molecular wires. During the past two decades a DNA
molecule which was demonstrated to possess conductivity in
many experiments [4, 5] has been considered a promising can-
didate for this role. However this raises a principle problem
of the mobility of charge carriers in homogeneous synthetic
polynucleotide chains. Nanobioelectronics future largely de-
pends on the decision of this issue. The question of the charge
motion in an electric field was considered also in [6] - [14]. Ex-
periments carried out so far cannot clarify the point unambigu-
ously. Theoretical calculations for PolyG
/
PolyC chains where
G is guanine, C is cytosine yield the following. In the case of
”dry” chains the value of the hole mobility is µ ∼ 1cm2/(V · sec)
[15, 16, 17]. For ”wet” chains, i.e. for chains in a solution
where solvation effects are of great concern [18, 19], the mo-
bility is several orders of magnitude lower [19, 20]. Notice that
the terms ”dry” and ”wet” are conventional. Even in the case
of dry DNA there exists the hydration shell which stabilizes the
double-helical conformation. This hydration shell only slightly
influences on the mobility of carriers. As was shown in [19]
the solvation effect on carrier mobility is mainly conditioned
by bulk polar solvent surrounded the molecule.
However, the notion of the mobility of charge carriers in it-
self is of little use for solving the problem of their conducting
properties even for the case of homogeneous polynucleotide du-
plexes, since it applies to the situation of weak fields. In typical
experiments on charge transfer in DNA the electric field inten-
sity E is E ∼ 105 ÷ 106V/cm, i.e. it is not small. In this case
a charge can be transferred by mechanisms which are qualita-
tively different from those realized in weak fields. This paper
just deals with this problem.
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2. Numerical modeling of uniform motion in a molecular
chain
The conclusion that in weak fields the charge transfer is in-
effective can be illustrated with a simple model of a Holstein
polaron in a PolyG
/
PolyC chain described by the Hamiltonian:
H = −∑Nn ν(|n〉〈n − 1| + |n〉〈n + 1|) +∑Nn αqn|n〉〈n|
+
∑N
n Mq˙2n/2 +
∑N
n kq2n/2 +
∑N
n eEan|n〉〈n|, (1)
where ν is a matrix element of the charge transition between
neighboring sites (nucleotide pairs), α is a constant of the
charge interaction with displacements qn, M is an effective mass
of the site, k is an elastic constant, a = 3.5 · 10−8cm is the dis-
tance between neighboring nucleotide pairs.
In the case under consideration a hole travels over guanine
bases [1, 2, 5] and the process is described by the following
motion equations:
i~˙bn + ν(bn−1 + bn+1) − αqnbn − eEanbn = 0, (2)
Mq¨n + γq˙n + kqn + α|bn|2 = 0 , (3)
where bn is the amplitude of the probability of a charge occur-
rence at the n-th site,
∑
n |bn|2 = 1. Classical motion equations
(3) include dissipation determined by the friction coefficient γ.
The parameters of a polynucleotide chain are taken to be
ν = 0.084eV , α = 0.13eV/ ˚A, γ = 6 · 10−10g/sec, M = 10−21g,
k = 0.062eV/ ˚A2 see [16, 17, 20]. As was mentioned earlier
even the ”dry” DNA contains the absorbed water molecules and
counterions. Because of the presence of absorbed molecules the
introduced parameters need to be considered as an effective. It
is important to notice, that the Holstein model under considera-
tion for the case of small displacement coincides with Peyrard-
Bishop-Dauxois model [21] (without stacking interaction) and
for chosen parameters well reproduces the experimental results
on photoinduced charge transfer in DNA [22].
As was shown in [23], the excess charge injected into the
chain (in the case under consideration this is a hole) in the ab-
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Figure 1: Graphs of the function X (˜t) at the electric field intensity E = 3.76 ·
104V/cm for (dimensionless) time t˜ ≈ 1.6 · 106 , t = t˜ · τ, τ = 10−14sec. The
values of the scaling coefficient ξ are varying (see (4)). The values of the chain
parameters are: ν = 0.084eV , α = 0.13eV/ ˚A, γ = 6 · 10−10g/sec, M = 10−21g,
k = 0.062eV/ ˚A2 . The chain length is N = 1700 sites.
sence of an applied external field (E = 0), quickly forms a po-
laron state which is localized on two or three sites of the chain.
As the field is now applied, for any field’s value, the charge
will remain localized practically on the same sites. This result
is easy to verify by direct integration of motion equations (2),
(3)1.
For the Holstein model, the problem of the uniform mo-
tion of a polaron in an electric field was studied in [24]. As
it shown in [24], there exists a range of parameter values for
which such a motion is possible (in particular, this is the case
for a PolyA
/
PolyT chain2). The parameter values given above
do not fall into this region.
Noteworthy is that in [24] the ground state was considered
as the initial one (i.e. polaron of an intermediate radius). Here
we take the non-equilibrium state as the initial one - ”scaled”
(”stretched”) solution of the equations (2), (3) in their contin-
uum limit:
|bn(0)| = 1√
2ξr
ch−1
(
n − n0
ξr
)
, (4)
where ξ is scaling coefficient, r = 4kνa
/
α2. The value of n0
(the center of the initial state) in (4) was chosen such that at
the beginning of calculations the ”initial polaron” be rather far
away from the ends of the chain. Integration of (2)–(3) was
performed by the standard fourth-order Runge-Kutta method.
We will consider the values of the electric field intensity E
lying on the interval (0,Ec), for which a polaron does not move
under the initial condition (4) when ξ = 1. Ec corresponds to
the value of the field for which the polaron state falls apart and
1Notice that the unlimited growing of mobility in the limit of zero tempera-
ture [16], is connected with disregarding the formation of polaron states in the
chain (Fig.1 in [24]).
2As is shown in [25], for PolyA/PolyT duplex a more complex situation is
realized when the charge moves on both duplex chains, for which the consid-
ered model (1) - (3) becomes unapplicable.
(a)
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Figure 2: (a) – Graphs of the function X (˜t) for various values of the scaling
coefficient ξ for the above-cited values of the chain parameters and the electric
field intensity E = 7.52 · 104V/cm, t˜ ≈ 7.6 · 105 . The chain length is N = 1700
sites. (b),(c) – are scaled up graphs of the function X (˜t) for the moment of
transformation from uniform motion to oscillatory one at ξ = 2.3 and ξ = 2.2
in Fig.2(a).
transforms into extended slowly moving state which experience
the Bloch oscillation (Ec ≈ 1.3 · 105V/cm).
Fig.1 and Fig.2 present the graphs of the functions:
X (˜t) =
∑
n
| bn(˜t)|2 · (n − n0) (5)
for various values of the parameter ξ, where X (˜t) has the mean-
ing of the value of charge’s displacement from its initial po-
sition along the chain during the time t˜ (in dimensional units
the distance of charge transfer is a · |X (˜t)|). The sites in the
chain are numbered from left to right. Since we have chosen
the value E > 0, the value of n0 in (4) was chosen at the right
end of the chain. Excitations moves over the chain from right
to left, therefore the values X (˜t) < 0.
From figures 1 and 2 we can see that for each value of the
electric field intensity E, there exists a range of values of the
scaling coefficients ξ, for which the graphs of X (˜t) functions
demonstrate on the whole a linear dependence on the time t˜.
Such linear dependence of X (˜t) is the evidence of a uniform
motion of the ”scaled polaron” along the chain for very large
distance - more then 1000 nucleotide pairs. This uniform mo-
tion is accompanied by low-amplitude Bloch oscillations which
are clearly seen in Fig.2 (b) and (c). These graphs also demon-
strate that for the values of ξ which are less than a certain crit-
ical value for a given E, the ”scaled polaron” either does not
displace from its initial position at all, or moves over some sites
and transforms into non-scaled standing state. If the value of
ξ exceeds a certain allowed maximum value at which a uni-
form motion can take place for a certain preassigned value of
E, the initial ”scaled polaron” falls apart and this destroyed state
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moves further very slowly along the chain executing Bloch os-
cillations.
Fig.2(a) clearly demonstrates that for large (for a given E)
values of ξ, a nonequilibrium polaron (in what follows excita-
tion) moves at a constant velocity for rather a long time, but at
a certain instant of time it falls apart and scarcely moves fur-
ther. What will happen to a uniformly moving nonequilibrium
excitation with the passage of much longer time, than in the
presented graphs, we cannot say.
3. Fast and superfast motions of localized excitations over
long distances
Now let us describe in more details a uniform motion
of nonequilibrium polaron-type excitation from the initial
nonequilibrium state for the above-cited parameter values of
a PolyG
/
PolyC chain. Fig.3 presents a graph of the function
| bn(˜t)|2 for the electric field intensity E = 7.52 · 104V/cm on
the time interval t = (0 ÷ 2.5 · 10−10sec) for a PolyG
/
PolyC
chain for the initial state (4) with ξ = 2.2. It is seen that the ini-
tial nonequilibrium state (4) with ξ = 2.2 and the characteristic
size L ≈ 9 (L = 1
/∑
n |bn|4) has transformed into a nonequi-
librium localized state of polaron type excitation with the char-
acteristic size L ≈ 5 during a short time t ≈ 5 · 10−12sec and,
retaining its shape, has displaced along the chain by 25 sites
during the time t = 2.5 · 10−10sec which corresponds the ve-
locity of the excitation displacement v ≈ 35m/sec. Notice that
for each value of the electric field intensity E, the velocity of
the uniform motion of the localized excitation increases as the
scaling coefficient ξ grows. Thus, for ξ = 2.2, the velocity of
the excitation motion is approximately twice as great as that for
ξ = 2.1 (see Fig.2). Hence, we can see that excitations move in
a PolyG
/
PolyC chain at different velocities for the same value
of the electric field intensity E. It is also noteworthy that the
maximum velocity of the uniform motion of an excitation is al-
most similar for various values of the electric field intensity E
and is approximately v ≈ 35m/sec for a PolyG
/
PolyC chain.
Fig.2 (b) and (c) shows two scaled up graphs from Fig.2(a)
on which we can see a transformation of the uniformly moving
nonequilibrium excitation into the regime of oscillatory motion
when a nonequilibrium excitation falls apart. On the short time
interval when this transition occurs the velocity of the gravity
center of the moving excitation sharply grows. In the regions
marked by arrows in Fig. 2 (b) and (c) the velocity of the gravity
center is nearly v ≈ 8600m/sec.
To observe the effect one should quickly apply an external
field E or inject a charge in the initial nonequilibrium state into
the chain to which an external field is already applied. If the
electric field is applied not instantaneously at an initial time,
but increases gradually to a certain predetermined value, the
initial nonequilibrium state (4) has time to transform to the re-
laxed one, i.e. the ground state which will not move in the elec-
tric field. Accordingly, if the field is removed as the excitation
uniformly moves, the motion ceases and the excitation quickly
transforms to the ground state. Such an ”instantaneous” switch
Figure 3: Graphs of the function | bn (˜t)|2 for the above-cited values of the chain
parameters at ξ = 2.2 and the electric field intensity E = 7.52 · 104V/cm,
t˜ = 0 → 25000. The chain length is N = 1700 sites.
of the chain from the conducting state to the dielectric one can
find an application in many nanobioelectronic devices.
4. Conclusions
In the foregoing we considered a uniform motion of a
nonequilibrium polaron-type excitations from the initial scaled
inverse hyperbolic cosine of the form (4). Though the initial
polaron of the form (4) for ξ = 1 is approximately a ground
state (or a stationary solution of equations (2), (3)), this does
not make it an exclusive candidate for the function of the ini-
tial distribution at which the uniform motion in the chain starts.
A uniform motion can be started from some other initial dis-
tributions similar in height and width to the distribution (4) for
various values of ξ and satisfying the condition∑n |bn(0)|2 = 1.
For example, if the initial state is taken to be the Gaussian func-
tion:
|bn(0)|2 = 1
σ
√
2pi
· e−(n−n0)2/2σ2 , (6)
then for a given value of the electric field intensity E, we can
find for (6) a region of the dispersion σ2 values for which a uni-
form motion exists. In this case the initial state of the form (6)
transforms into a nonequilibrium localized state with a smaller
characteristic size which moves uniformly over the chain. This
motion is similar to the above-described motion started from the
scaled inverse hyperbolic cosine of the form (4). Notice that the
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possibility of long-range charge transfer by nonequilibrium ex-
citations seems to be rather general and earlier was considered
for proteins in [26, 27, 28].
Up to now numerous experiments on charge transfer in DNA
have given contradictory results and have depended greatly on
the length of a DNA molecule, its nucleotide structure, avail-
ability of defects, the state of a solvent (if an experiment is
done in a solution), the type of a substrate (if the molecule is
on the surface of the substrate), the type of electrodes and, gen-
erally speaking, on the way of injecting the charge carriers into
the molecule [29] - [33]. In this paper we have shown that the
results of an experiment will also greatly depend on the inten-
sity of the applied external electric field and the initial distri-
bution of the charge injected into the chain. The mechanism
of charge transfer considered opens up new opportunities for
development of DNA-based electronic devices and molecular
wires.
Finally we can say that we have considered the special case
of homogeneous polynucleotide chain. Nevertheless we think,
that the results obtained, may be rather general and may be ap-
plicable for heterogeneous nucleotide sequences. The reason
for such assurance lies in sufficiently large characteristic size of
moving excitations (about five nucleotide pairs for the electric
field intensity E = 7.52 ·104V/cm, moreover, characteristic size
increases when decreasing the value ofE). When this occurs the
chain for such excitations can be considered as homogeneous.
If so the results obtained can explain the extremely long-range
charge transfer (about 600nm) for λ - DNA in H.W.Fink and
C.Scho¨nenberger experiments [34] which remains unexplained
up to date.
The work has been done with the support from the RFBR,
Project 13-07-00256.
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